The x-ray coherent scattering in nanosized MnAs crystallites embedded in a GaAs matrix has been detected. The room-temperature interatomic distances along three orthogonal directions of the crystallites are determined. The MnAs nanocrystals are found to exhibit an anisotropically distorted hexagonal structure as compared to unstrained bulk MnAs. Despite the crystallite lattice distortion, the granular GaAs:MnAs material exhibits robust ferromagnetism, with enhanced transition temperature. The observed magnetic behavior is consistently explained by a localized double-exchange model of MnAs ferromagnetism, where magnetic order appears for large enough Mn-As-Mn distances, i.e., for weak enough p-d hybridization.
The x-ray coherent scattering in nanosized MnAs crystallites embedded in a GaAs matrix has been detected. The room-temperature interatomic distances along three orthogonal directions of the crystallites are determined. The MnAs nanocrystals are found to exhibit an anisotropically distorted hexagonal structure as compared to unstrained bulk MnAs. Despite the crystallite lattice distortion, the granular GaAs:MnAs material exhibits robust ferromagnetism, with enhanced transition temperature. The observed magnetic behavior is consistently explained by a localized double-exchange model of MnAs ferromagnetism, where magnetic order appears for large enough Mn-As-Mn distances, i. Epitaxial MnAs films on GaAs and granular GaAs:MnAs, consisting of MnAs nanocrystals embedded in a GaAs matrix, are promising hybrid ferromagnetsemiconductor materials for information storage, magnetooptical, and spin-electronics applications. [1] [2] [3] Bulk MnAs exhibits a complex magnetostructural phase diagram as a function of temperature and pressure. [4] [5] [6] [7] Most important, at approximately 313 K, 7 bulk MnAs exhibits a first-order phase transition from a high-temperature paramagnetic orthorhombic MnP-type B31 structure ͑␤-phase͒ to a lowtemperature ferromagnetic hexagonal NiAs-type B8 1 structure ͑␣-phase͒. Upon cooling across the first-order phase transition, an abrupt volume expansion of about 2% occurs, with the nearest-neighbor distance in the basal plane increasing abruptly and the nearest-neighbor distance along the c axis remaining unchanged. The mechanism of ferromagnetism in MnAs is an old matter of debate, which extends to present days. Localized models of MnAs ferromagnetism have been confronted with itinerant models for many years. Although ␣-MnAs shows metallic conductivity and contains itinerant electrons, 8 there is increasing evidence 7,9,10 that ferromagnetic ordering within and in between the hexagonal Mn planes is transmitted by the strongly directional and localized Mn-As-Mn bonds via a double-exchange mechanism, 11, 12 where the parallel spin alignment is promoted by an electron transfer between the localized d states of the Mn cations through extended d or p type states of the anionic As. 9 The Mn-As-Mn interaction/distance seems to be the key parameter driving the transition from the paramagnetic to the ferromagnetic state. In view of the strong coupling of the structural and magnetic properties of MnAs, incorporation of MnAs in devices, as epitaxially constrained films or as clusters embedded in a matrix, requires a detailed knowledge of the MnAs strain state in these morphologies. The strain state of MnAs clusters embedded in GaAs has long remained unknown, because the relatively weak signal of x-ray diffraction ͑XRD͒ in the tiny MnAs crystallites is shadowed, in conventional x-ray diffraction analysis, by the dominant signals of diffraction in the GaAs matrix and background scattering. In this letter, we report on the roomtemperature lattice distortion of MnAs nanocrystals embedded in GaAs, determined through the detection of the x-ray coherent scattering in the nanocrystals.
The sample fabrication process included two steps: Molecular-beam epitaxy growth of a ternary Ga 1−x Mn x As alloy and subsequent thermal annealing. First, a GaAs buffer layer was grown on a GaAs͑001͒ substrate. The substrate was then cooled down to 300°C for the growth of ϳ960 nm of a ternary Ga 1−x Mn x As alloy with x Ϸ 0.06. After growth, the sample was annealed ex situ in a rapid thermal annealing oven at 700°C for 20 s. The annealing step gives rise to spherical MnAs crystallites of variable diameter in the range of 20-45 nm embedded in a GaAs matrix, as we observed in transmission electron microscopy analysis. 13 Superconducting quantum interference device analysis showed the granular GaAs:MnAs film to be ferromagnetic below about 330 K. XRD measurements were carried out in a state-of-the-art PANalytical X'Pert diffractometer system, with a hybrid monochromator, consisting of a multilayer x-ray mirror for parallelization of the divergent beam emitted by the x-ray tube and a grooved Ge crystal acting as a monochromator in combination with that mirror.
The MnAs crystallites are known 13 to keep a welldefined orientation relationship ͑nominal orientation͒ with the GaAs matrix: The ͑00.1͒ basal planes of the MnAs crystallites are parallel to ͕111͖ GaAs planes, the ͗21.0͘ MnAs basal directions are parallel to ͗011͘ or ͗011͘ GaAs directions, and the orthogonal ͗01.0͘ MnAs basal directions are parallel to ͗112͘ GaAs directions.
14 Four possible orientations of the MnAs clusters with respect to the GaAs matrix coexist, corresponding to MnAs ͑00.1͒ planes parallel to each of the four GaAs ͕111͖ plane orientations. Figure 1 shows a -2 scan recorded across the GaAs ͑224͒ substrate/matrix reflection, in the diffracting plane defined by the ͓001͔ and ͓110͔ GaAs scattering vectors. A peak ͑A1͒ appears aligned with the ͑224͒ GaAs reflection, as confirmed by the -scan shown in the inset. A different peak, A2, appears about 3°rotated toward increasing angles ͑inset of Fig. 1͒ . We assign Peak A1 to the ͑03.0͒ reflection in MnAs crystallites with basal planes parallel to the ͑111͒ GaAs planes. The good alignment-along the -2 direction-of Peak A1 with respect to the ͑224͒ GaAs reflection indicates that the ͑01.0͒ planes of the MnAs crystallites are parallel to the ͑112͒ planes of the GaAs matrix, as expected for MnAs crystallites with nominal orientation. Figure 2͑a͒ shows a ͑01.0͒ plane within the MnAs unit cell. The ͑01.0͒ interplanar distance of the MnAs crystallites is determined to be d ͑01.0͒ = 3.2113 Å. The distance is smaller than in unstrained bulk MnAs, d ͑01.0͒ bulk = 3.2205 Å. 15 The lattice of the MnAs crystallites is compressed by −0.29% in the ͓01.0͔ direction. Figure 3 shows a -2 scan recorded across the ͑044͒ GaAs reflection, in the diffracting plane defined by the ͓001͔ and ͓010͔ GaAs scattering vectors. A peak ͑B͒ appears aligned with the ͑044͒ GaAs reflection, as confirmed by the -scan shown in the inset. We assign Peak B to the ͑42.0͒ reflection in MnAs crystallites with basal planes parallel to the ͑111͒ GaAs planes. The good alignment-along the -2 direction-of Peak B with respect to the ͑044͒ GaAs reflection indicates that the ͑21.0͒ planes of the MnAs crystallites are parallel to the ͑011͒ GaAs planes. Figure 2͑b͒ shows a ͑21.0͒ plane within the MnAs unit cell. The ͑21.0͒ interplanar distance of the MnAs crystallites is determined to be d ͑21.0͒ = 1.8538 Å. The obtained distance is in good agreement with the value we previously found 16 from grazing incidence XRD measurements. The interplanar distance in the crystallites is smaller than in unstrained bulk MnAs, d ͑21.0͒ bulk = 1.8594 Å. 15 The lattice of the MnAs crystallites is compressed by −0.30% in the ͓21.0͔ direction. The approximately equal values of the strain along the ͓01.0͔ and ͓21.0͔ directions indicate that the MnAs crystallite structure keeps a hexagonal symmetry; no orthorhombic deformation occurs. In order to complete the analysis of the crystallite structure in three orthogonal directions, determination of the interplanar spacing along the c axis remains. We searched for the ͑01.1͒ reflection near the ͑002͒ GaAs reflection. We recorded and -2 scans in this region, shown in Fig. 4 , using the ͑002͒ GaAs reflection as reference. The -scan of Fig. 4 shows two peaks, C1 and C2, that appear rotated toward positive values relative to the ͑002͒ GaAs reflection. We assign Peak C1 to the ͑01.1͒ reflection in MnAs clusters whose basal planes are parallel to the ͑111͒ GaAs planes. A MnAs ͑01.1͒ plane is shown in Fig. 2͑c͒ . The ͑01.1͒ interplanar distance corresponding to nominally oriented crystallites is determined to be d ͑01.1͒ = 2.8112 Å. The ͑00.1͒ inter- planar spacing is then calculated from the already known ͑01.0͒ and ͑01.1͒ spacings. The obtained value, d ͑00.1͒ = 5.8156 Å, is considerably larger than the spacing corresponding to bulk MnAs, d ͑00.1͒ bulk = 5.7024 Å. 15 The lattice of the MnAs crystallites is expanded by as much as 1.99% along the c axis. We assign Peaks A2 and C2 to the ͑01.5͒ and ͑01.1͒ reflections, respectively, in MnAs clusters whose ͑00.1͒ basal planes are not exactly parallel to the ͑111͒ GaAs planes, but about 3°rotated toward ͑001͒ GaAs. Very small peaks appearing in Figs. 1, 3 , and 4-other than those already mentioned-are too weak for a definite assignment. These peaks could correspond to other cluster orientations, or to other cluster phases, or they could be diffuse scattering features. They represent a minor contribution. Table I lists the room-temperature nearest-neighbors distances as well as the unit-cell volume derived from the x-ray results for the nominally oriented crystallites, as well as the values reported in the literature for bulk ␣-MnAs at room temperature, and for the ␣ and ␤ phases of bulk MnAs at the phase-transition temperature. Along the c axis, the Mn-Mn distance is substantially larger in the crystallites than in bulk MnAs. In the basal planes, the Mn-Mn distance is slightly shorter in the crystallites than in bulk ␣-MnAs. The Mn-As distance is substantially larger in the crystallites than in bulk ␣-MnAs; the large lattice expansion along the c axis overcompensates for the shortening of the Mn-As distance due to the compression in the basal planes. The strains of the crystallites at room temperature result from the combination of the "initial" strains generated in the precipitation process, and the strains generated during sample cooling because of: ͑i͒ The different thermal expansion of MnAs and GaAs and ͑ii͒ the MnAs abrupt volume change across the first-order phase transition. The magnetic properties of MnAs are known to be enhanced for larger unit-cell volume and reduced p-d hybridization. 5, 7, 18, 19 The increased first nearestneighbors Mn-Mn and Mn-As distances in the crystallites are expected to result in reduced d-d overlap and reduced p-d hybridization, thus giving rise to improved magnetic properties as compared to unstrained bulk ␣-MnAs. Leaving aside effects related to the small crystallite size, ferromagnetism in the strained crystallites is expected to be more stable than in bulk ␣-MnAs. This is supported by the phasetransition temperature measured for GaAs:MnAs T C Ϸ 330 K, 20 which is about 17°C higher than in bulk MnAs. In summary, we have detected the x-ray coherent scattering in MnAs nanosized crystallites embedded in a GaAs matrix, and we have determined the room-temperature interatomic distances along three orthogonal directions of the crystallites. The MnAs grains are found to be under a high anisotropic strain; the hexagonal symmetry being maintained. The appearance of ferromagnetic order, with enhanced stability, in the strained MnAs crystallites supports the localized double-exchange models of MnAs ferromagnetism. 
